Diatoms operate a CO 2 -concentrating mechanism (CCM) that drives upwards of 20% of annual global primary production. Recent progress in CCM research in the marine pennate diatom Phaeodactylum tricornutum revealed that this diatom directly takes up HCO 3 − from seawater through low-CO 2 -inducible plasma membrane HCO 3 − transporters, which belong to the solute carrier (SLC) 4 family. Apart from this, studies of carbonic anhydrases (CAs) in diatoms have revealed considerable diversity in classes and localization among species. This strongly suggests that the CA systems, which control permeability and flux of dissolved inorganic carbon (DIC) by catalysing reversible CO 2 hydration, have evolved from diverse origins. Of particular interest is the occurrence of low-CO 2 -inducible external CAs in the centric marine diatom Thalassiosira pseudonana, offering a strategy of CA-catalysed initial CO 2 entry via passive diffusion, contrasting with active DIC transport in P. tricornutum. Molecular mechanisms to transport DIC across chloroplast envelopes are likely also through specific HCO 3 − transporters, although details have yet to be elucidated. Furthermore, recent discovery of a luminal θ-CA in the diatom thylakoid implied a common strategy in the mechanism to supply CO 2 to RubisCO in the pyrenoid, which is conserved among green algae and some heterokontophytes. These results strongly suggest an occurrence of convergent coevolution between the pyrenoid and thylakoid membrane in aquatic photosynthesis.
Introduction
Marine diatoms are the most successful group of algae and their photosynthesis is responsible for up to 20% of annual global primary production (Field et al., 1998) . Their photosynthetic driving force in the CO 2 -limiting aquatic environment is the system to accumulate dissolved inorganic carbon (DIC) intracellularly, mobilize DIC toward the chloroplast, and create an efficient flux of CO 2 for fixation by ribulose-1,5-bisphosphate carboxylase/oxyganase (RubisCO). This CO 2 -concentrating mechanism (CCM) is of particular importance in high salinity and alkalinity oceanic environments as the HCO 3 − dehydration rate is extremely slow and dissolved CO 2 concentration hardly exceeds 25 μM (Stumm and Morgan, 1981; Goyet and Poisson, 1989) , while the halfsaturation constant of algal RubisCO is in general significantly higher than 25 μM (Badger et al., 1998) . As the CCM constitutes a system for the physical transfer of inorganic carbon, it is often termed a biophysical CCM and distinguished from C 4 metabolism, a biochemical CCM.
Numerous physiological experiments have shown that diatoms take up both CO 2 and HCO 3 − and concentrate DIC in their cells Rotatore et al., 1995; Korb et al., 1997; Burkhardt et al., 2001; Rost et al., 2003; Giordano et al., 2005; Trimborn et al., 2008) , even though there is preference for a particular form of DIC among certain species (Clement et al., 2016) . Recent molecular studies on the diatom and green algal CCMs have revealed that the CCM involves several critical processes: an initial uptake of DIC from the surrounding environment across the plasma membrane, transport of DIC across chloroplast membranes, and efficient CO 2 formation within the pyrenoid for fixation by RubisCO (Moroney et al., 2011; Nakajima et al., 2013; Wang and Spalding, 2014; Yamano et al., 2015; Mackinder et al., 2016; Hopkinson et al., 2016; Kikutani et al., 2016) . In these processes, efflux of CO 2 from the chloroplast and the cell is tightly regulated to avoid dissipation of the CCM under CO 2 -limiting condition (Tchernov et al., 1997 (Tchernov et al., , 2003 Huertas et al., 2000) . It is also noteworthy that a controlled dissipation of CCM by allowing a rapid efflux of unfixed CO 2 may serve to dissipate excess light energy (Tchernov et al., 1997 (Tchernov et al., , 2003 Huertas et al., 2000) . Finally, some CCM components are highly CO 2 responsive at the transcriptional and posttranslational levels, suggesting that the CCM activity is finely adjusted to the most economical state as a result of acclimation to varying CO 2 conditions (Matsuda and Colman 1995; Bozzo and Colman, 2000; Harada et al., 2006; Yamano et al., 2010; Blanco-Rivero et al., 2012; Fang et al., 2012; Kikutani et al., 2016) .
The number of biophysical CCM components functionally identified is limited in marine diatoms at this point in time. Diatom genomes possess a number of solute carrier (SLC)-type transporters and Nakajima et al. (2013) discovered an occurrence of a plasma membrane-type Na + -dependent HCO 3 − transporter, PtSLC4-2, in the raphid pennate diatom Phaeodactylum tricornutum. SLC4-and SLC26-type transporter genes generally occur in many diatom genomes and some of them may play a role as plasma membrane HCO 3 − transporters or as chloroplast membrane HCO 3 − transporters .
A chloroplastic HCO 3 − transporter was identified only in the green alga Chlamydomonas reinhardtii (Wang and Spalding, 2014; Yamano et al., 2015) , which is a primary endosymbiotic photoautotroph with a double-layered chloroplast envelope. In contrast, diatoms are secondary endosymbionts, possessing a four-layered chloroplast membrane system (Keeling, 2013) , which may confer additional control points for DIC movement between the cytosol and stroma.
Another critical component of CCMs is carbonic anhydrases (CAs) and their subcellular locations. CA catalyses the reversible hydration of CO 2 to HCO 3 − with an extremely fast turnover rate (Chegwidden and Carter, 2000) . As CO 2 and HCO 3 − have contrasting membrane permeance, the former being very permeant and the latter almost impermeant, the fast conversion of these DIC species can be an excellent regulatory system for both inward and outward fluxes of DIC. Studies of CAs in diatoms have revealed interesting new subsets of CAs, denoted δ-CAs, ζ-CAs, and a θ-CA (Roberts et al., 1997; Lane and Morel, 2000; Lane et al., 2005; Xu et al., 2008; Kikutani et al., 2016) . Numerous CAs have been identified in diatom genomes and their gene products have been localized in the model pennate diatom P. tricornutum and the multipolar centric diatom Thalassiosira pseudonana, revealing a considerable diversity of types and subcellular localizations of these CAs Samukawa et al., 2014) . The recent discovery of a θ-CA, which is localized in the thylakoid lumen of P. tricornutum and most probably of T. pseudonana, revealed a striking similarity of CA localization with the green alga C. reinhardtii. This strongly suggests that the pyrenoid function in distant algal taxa commonly requires luminal acidity to create an ample flux of CO 2 to RubisCO and thus has coevolved with the function of forming a proton gradient across the thylakoid membrane (Kikutani et al., 2016) . The putative CA moiety of the θ-CA is also conserved in the critical pyrenoidal CCM factor low-CO 2 -inducible (LCI) B/C complex in the green alga C. reinhardtii, although their enzymatic properties have yet to be characterized (Kikutani et al., 2016; Jin et al., 2016) . The θ-CA, together with coevolution between the pyrenoid and its associated thylakoid, is being recognized as one of the convergent aspects in the function of diverse algal CCMs (Kikutani et al., 2016) .
The transcription of some CCM factors is known to be responsive to environmental CO 2 levels and these CO 2 response mechanisms are of great interest. In P. tricornutum, transcription of CO 2 -responsive factors such as the pyrenoidal β-CA genes Ptca1 and Ptca2 was demonstrated to be regulated by a second messenger, cAMP (Harada et al., , 2006 Tanaka et al., 2016) . Transcriptomic analysis also revealed that a cAMP-mediated CO 2 response regulates the transcription of CCM and photorespiration in T. pseudonana (Hennon et al., 2015) . The conservation of these mechanisms in phylogenetically distant pennate and centric diatoms strongly suggests that cAMP-mediated CO 2 responses are a widespread feature in marine diatoms. In contrast, some putative CCM factors are demonstrated to be CO 2 insensitive Nakajima et al., 2013; Samukawa et al., 2014; Clement et al., 2016; Kikutani et al., 2016) , suggesting that diatom cells maintain a basal CCM system constitutively and incrementally strengthen the CCM in response to CO 2 deprivation by adding on minimal components.
In this review, recent progress in the understanding of the molecular aspects of the diatom biophysical CCM and perspectives on future studies are discussed.
Initial uptake of DIC from the surrounding environment DIC uptake across the plasma membrane is the critical first step of the biophysical CCM, which ensures stable acquisition of DIC for photosynthesis under unpredictable fluctuations in the aquatic environment. The first breakthrough in identifying the mechanism directly involved in DIC uptake across the diatom plasma membrane was the recent report on a mammalian-type SLC4 transporter in P. tricornutum (Nakajima et al., 2013) . In this study, a low-CO 2 -inducible PtSLC4-2 was demonstrated in P. tricornutum to function as a plasma membrane-type HCO 3 − transporter, which requires a high concentration of sodium ions with a saturation level of about 100 mM Na + (Nakajima et al., 2013) . Paralogs of PtSLC4-2, PtSLC4-1, and PtSLC4-4 are also induced specifically under low-CO 2 conditions and inhibition of SLC4 by a chemical inhibitor resulted in a greatly decreased affinity for DIC. This suggested plasma membrane SLC4s perform a critical function in maintaining HCO 3 − influx into the cell in low-CO 2 seawater environments ( Fig. 1 ; Nakajima et al., 2013) . There are seven SLC4-type and three SLC26-type genes in P. tricornutum (Nakajima et al., 2013) , which are known to be HCO 3 − transporters in mammalian cells (Bonar and Casey, 2008; Cordat and Casey, 2009; Nakajima et al., 2013) . Orthologous SLC4 and SLC26 genes also occur in the centric species T. pseudonana (Nakajima et al., 2013) . The conservation of these genes in phylogenetically distant centric and pennate diatoms indicates that SLC4 and SLC26 transporters would be widespread components among diatoms. P. tricornutum heterologously expressing PtSLC4-2 reached a maximum level of DIC uptake at pH 8.2, which is the typical pH of seawater, where HCO 3 − is the dominant form of DIC, while DIC uptake was suppressed to 40% of maximum at pH 9.5, where CO 3 2− is the dominant DIC form (Nakajima et al., 2013) . These data strongly suggest that PtSLC4-2 and most probably two orthologs, PtSLC4-1 and PtSLC4-4, are specific HCO 3 − transporters optimized to seawater pH and salinity. Our recent investigation indicated that these plasma membrane-type SLC4s were driven directly or indirectly by the energy generated in the linear electron flow from photosystem (PS) II to PSI . Bicarbonate transporters identified in cyanobacteria and the green alga C. reinhardtii do not share homology with the SLC4 transporters, indicating that the origins of algal HCO 3 − transporters are diverse. A number of physiological studies have shown that diatoms can also take up CO 2 , which is assumed to be a passive diffusive process (Patel and Merrett, 1986; Colman and Rotatore, 1995; Mitchell and Beardall, 1996; Johnston and Raven, 1996; Korb et al., 1997; Burkhardt et al., 2001; Rost et al., 2003; Trimborn et al., 2008) . A spontaneous permeation of hydrophobic molecules across lipid bilayer requires a high concentration gradient across the membrane, but concentration gradients of CO 2 across the plasma membrane are usually not high under CO 2 -limited conditions. Thus, CO 2 diffusion could be slowed by membrane at a low concentration gradient (Uehlein et al., 2003) and thus smooth CO 2 permeation would be facilitated by channels, such as the aquaporins that are believed to facilitate CO 2 diffusion in higher plant mesophyll cells (Uehlein et al., 2003) and red blood cells (Endeward et al., 2006) . The plasma membrane of diatoms is known to be highly permeable to CO 2 (Tu et al., 1978; Hopkinson et al., 2011) , strongly suggesting the occurrence of efficient CO 2 channels in diatom membranes (Fig. 1) . Aquaporins are present in diatom genomes and their function with respect to CO 2 permeation awaits determination. In T. pseudonana, despite the presence of SLC-type putative HCO 3 − transporter genes, there are two low-CO 2 -inducible external CAs, one δ-CA and one ζ-CA (Samukawa et al., 2014) . In contrast to the HCO 3 − transport-dependent system in P. tricornutum, which does not possess external CA, some diatoms employ an alternative strategy of external DIC uptake through external CA and possibly CO 2 channels (Fig. 1) . Comparison of CCM models of two diatoms, P. tricornutum and T. pseudonana, and the green alga C. reinhardtii. CER, chloroplast endoplasmic reticulum; CEV, chloroplast envelope; mit, mitochondrion; PPC, periplastidal compartment; PPS, periplasmic space; Py, pyrenoid.
Mechanisms that maintain a CO 2 gradient across the plasma membrane can enhance CO 2 influx in cooperation with facilitated CO 2 permeation by specific channels. As described in the introduction, the CO 2 concentration in seawater is not high and thus generation of a CO 2 deficit in the cytosol needs to be established to drive CO 2 influx from the external environment. This deficit is likely to be created through the active transport of HCO 3 − out of the cytoplasm and into the chloroplast resulting in a low HCO 3 − concentration in the cytoplasm, which in turn results in a CA-mediated CO 2 deficit (Hopkinson et al., 2011; Hopkinson, 2014) . Alternatively, as cytoplasmic CA activity has yet to be confirmed in any diatoms, the CO 2 deficit may be generated in one of the membrane-bound compartments surrounding the chloroplast (the chloroplastic endoplasmic reticulum and/or the periplastidal space) rather than the cytoplasm as these loci have CAs ( Fig. 1 ; Tachibana et al., 2011; Samukawa et al., 2014; Matsuda et al., 2017) .
Transport of DIC across chloroplast membranes
The diatom four-layered chloroplast membrane can be a strong barrier for DIC trafficking. It has been suggested that HCO 3 − transporters would need to be located at each membrane (Hopkinson, 2014) . These transporters, in conjunction with CAs in the spaces between chloroplast membranes, could control the permeation of DIC Samukawa et al., 2014) . However, chloroplast membranetype HCO 3 − transporters have yet to be identified in diatoms. Aside from the above described low-CO 2 -responsive PtSLC4-1, PtSLC4-2, and PtSLC4-4, four PtSLC4 and three PtSLC26 genes were found in the genome of P. tricornutum (Nakajima et al., 2013) . Of particular interest is the PtSLC4-6-and PtSLC4-7-encoded proteins that were previously predicted to possess endoplasmic reticulum (ER) targeting sequences with stramenopile chloroplast transit sequences at their N-termini, that is, for PtSLC4-6 (GSA-FTS) and PtSLC4-7 (SAA-FHT). These sequences are variants of the well-characterized ASA-FAP motif at their predicted ER signal cleavage site (Gruber et al., 2007) . Transcription of PtSLC4-6 and PtSLC4-7 genes was not CO 2 responsive (Nakajima et al., 2013) suggestive of a constitutive function for these transporters in maintaining DIC flow from the cytosol to the plastid. Presumably, in P. tricornutum, these chloroplastic SLC4s cooperatively function with plasma membrane SLC4s to deliver DIC from seawater to the stroma, although this awaits experimental verification (Fig. 1) .
Efficient CO 2 formation within the pyrenoid
Many diatoms as well as many other eukaryotic algae possess a pyrenoid within the chloroplast (Drum and Pankratz, 1964) . Morphology of pyrenoids is known to be extremely diverse (Griffiths, 1970; Hori, 1971; Jenks and Gibbs, 2000) and the pyrenoid body in some microalgae such as green algae and diatoms is thought to be an important focal point of their biophysical CCMs (Ramazanov et al., 1994; Moroney and Ynalvez, 2007; Meyer et al., 2012; Matsuda et al., 2017) .
However, information for the biochemical components constituting the pyrenoid is relatively limited and the mechanism for constructing such a large body is unknown. Recent study on C. reinhardtii revealed the occurrence of the structural component essential pyrenoid component 1 (EPYC1), which potentially produces the right arrangement of RubisCO aggregate within the pyrenoid (Mackinder et al., 2016) . On the other hand, there is no report for such a structural factor in the diatom pyrenoid, which is an interesting topic of research in elucidating the detailed function of this pyrenoid.
The diatom pyrenoid is evident as a lens-shaped, electrondense body surrounded by three thylakoid membrane layers with two thylakoid membrane layers penetrating the central axis of the pyrenoid (Jenks and Gibbs, 2000; Kikutani et al., 2016) . The diatom pyrenoid contains the RubisCO enzyme, two β-type CAs (PtCA1 and PtCA2), and two plastidic fructose-1,6-bisphosphate aldolases (Jenks and Gibbs, 2000; Kitao et al., 2008; Tachibana et al., 2011; Allen et al., 2012) . PtCA1 and PtCA2 were the first CAs to be found in the pyrenoid and are known to form large clumped particles within it (Tanaka et al., 2005; Kitao and Matsuda, 2009; Tachibana et al., 2011) . This particle formation by PtCAs was demonstrated to be driven by an amphipathic helix at the C-terminus (Tanaka et al., 2005; Kitao and Matsuda, 2009 ). The clumps are not uniformly distributed within the pyrenoid as their location appears to be limited to particular areas within the pyrenoid of P. tricornutum , which is in sharp contrast to RubisCO, which is spread uniformly throughout the pyrenoid (Jenks and Gibbs, 2000) . These PtCA clumps are most probably a major component of systems supplying CO 2 direct to RubisCO from accumulated HCO 3 − in the pyrenoid of P. tricornutum ( Fig. 2 ; Matsuda et al., 2011; Hopkinson et al., 2011) . In the green alga C. reinhardtii, it was demonstrated that RubisCO, nitrate reductase, RubisCO activase, and LCIB/C complex were localized in the pyrenoid (Lopez-Ruiz et al., 1985; McKay et al., 1991; Yamano et al., 2010) .
RubisCO is commonly localized in the pyrenoid across distant taxa, but besides RubisCO, there are few conserved features found in the pyrenoid. In the pyrenoid of C. reinhardtii, there are a few prominent biochemical features that are deeply related to the biophysical CCM. First, an α-CA, CAH3, is localized in the pyrenoid thylakoid lumen (Karlsson et al., 1998) . CAH3 is critical for cells to grow during CO 2 limitation (Funke et al., 1997) and it is hypothesized that this CA plays a role in the production of CO 2 for RubisCO, utilizing the acidity of the thylakoid lumen (Raven, 1997) , as well as in the maintenance of PSII by removing protons from the water-oxidizing complex (Shutova et al., 2008) . The second feature is the LCIB/C complex clustered at the peripheral area of the pyrenoid (Wang and Spalding, 2006; Yamano et al., 2010) . The function of the LCIB/C complex is still unclear, but impairment of LCIB resulted in a phenotype that is lethal under ambient CO 2 but that survives under very low CO 2 (<200 ppm CO 2 ). The data indicate that C. reinhardtii employs different components in ambient CO 2 and very low CO 2 conditions, and LCIB has a major role in ambient CO 2 level (Wang and Spalding, 2006) . These investigations in C. reinhardtii postulated that the thylakoid luminal CAs at the pyrenoid and peripheral pyrenoid area, respectively, take on vital roles in CO 2 supply to RubisCO and recapture of unfixed CO 2 leaking out of the pyrenoid (Fig. 1) , although until recently no similar model existed for other algae.
However, the recent discovery of a new type of CA, which was denoted θ-CA (protein ID 43233, here we designate it as Ptθ-CA1), in the P. tricornutum pyrenoid-penetrating thylakoid membrane lumen strongly suggested the essentiality of pyrenoid-associated CA activity and may be a general feature of algal photosynthesis and biophysical CCMs (Kikutani et al., 2016) . The primary sequence of Ptθ-CA1 possesses a widely conserved approximately 110 amino acid domain, which was denoted by Kikutani et al. (2016) as a Cys-GlyHis-rich (CGHR) domain. The CGHR domain of Ptθ-CA1 is likely a CA catalytic center with putative Zn ligand binding and the purified protein revealed Zn-dependent CA activity (Kikutani et al., 2016) . CGHR-containing proteins do not show any sequence homology with other CAs and besides the CGHR domain, they are quite dissimilar to each other (Kikutani et al., 2016) . A recent protein structural study of Ptθ-CA1 and other putative orthologs demonstrated that the catalytic center of θ-CAs is similar to that of β-type CA (Jin et al., 2016) . This indicated that θ-CA is a structural analogue of β-CA at its catalytic center, which is also the case for ζ-CA relative to β-CA. Ptθ-CA1 displayed esterase activity, which is known to be a characteristic of α-type CA (Kikutani et al., 2016) , but no known β-CA has shown esterase activity. Given the unique primary structure and esterase activity, θ-CA is a convergently evolved new class of CA.
Over-expression of Ptθ-CA1 resulted in higher photosynthetic DIC affinity in high-CO 2 -grown cells where the endogenous CCM activity was largely repressed. RNAi knock down of Pt-θCA1 resulted in a constitutively retarded growth phenotype and low photosynthetic DIC affinity in low-CO 2 -grown cells, presumably due to dissipation of the CCM (Kikutani et al., 2016) . Ptθ-CA1 is expressed independent of CO 2 growth conditions and is very similar in function and characteristics to the thylakoid luminal CA observed in C. reinhardtii (α-CA, CAH3; Funke et al., 1997) . This strongly indicates an essential CCM function for luminal CA activity even though the origin of CAH3 is distinct from that of Ptθ-CA1. It is hypothesized that luminal CA functions to produce CO 2 by rapidly dehydrating HCO 3 − utilizing luminal acidity under active photosynthesis (Raven, 1997) , which may be the result of pyrenoid and thylakoid membrane coevolution in aquatic photosynthesis. It is also suggested that luminal CA activity has a more fundamental role in maintaining PSII by removing protons from the water oxidizing complex (Shutova et al., 2008) . These postulated functions of luminal CA should be supported by the entry of stromal HCO 3 − into the lumen (Raven, 1997) , which is yet to be confirmed experimentally. Nonetheless, these considerations further suggest that a DIC equilibrium control system in the thylakoid lumen may play a fundamental role for both PSII and CCM. Ptθ-CA1 locates only in the luminal component of pyrenoid-penetrating thylakoid membrane (Kikutani et al., 2016) , strongly suggesting that pyrenoid-penetrating thylakoid membrane may have distinct roles relative to the thylakoid membranes surrounding − into CO 2 , directly supplying a substrate to RubisCO. HCO 3 − accumulated in the stroma is transported into the thylakoid lumen and luminal θ-CA dehydrates HCO 3 − to supply CO 2 to RubisCO. (C) The second hypothesis of DIC flow control in the pyrenoid. Whereas a lumen-based CO 2 formation mechanism is explained in the first hypothesis, in this model unfixed CO 2 is hydrated into HCO 3 − by β-CA clumped at a particular portion of the pyrenoid, directly supplying HCO 3 − to the lumen. In these models, the occurrences of an unknown structural component that may shape the pyrenoid body and a HCO 3 − transporter on the thylakoid membrane are proposed.
the pyrenoid, but details are so far totally unclear and await further investigations.
Another intriguing common aspect of the pyrenoid structure between distant algal taxa, diatoms and Chlamydomonas, is the occurrence of pyrenoidal CA. In P. tricornutum, two paralogous β-CAs, PtCA1 and PtCA2, form clumps localized in a limited part of the pyrenoid, in contrast to the dispersed localization of RubisCO throughout the pyrenoid (Jenks and Gibbs, 2000; Tachibana et al., 2011) , indicating that location of PtCAs is compartmentalized from RubisCO (Fig. 2) . Very interestingly, another CGHR-containing protein factor, the LCIB/C heterohexamer complex in C. reinhardtii, also localized as clumped complexes, presumably insulated from RubisCO, at the peripheral pyrenoid area and is critical for CCM function ( Fig. 1 ; Wang and Spalding, 2006; Yamano et al., 2010) . CA activity was not detected in vitro with a mixture of E. coli-produced recombinant LCIB and LCIC proteins although these proteins possess β-CA-like active centers within their CGHR domains very similar to that of Ptθ-CA1 (Jin et al., 2016) . It is probable that LCIB/C in C. reinhardtii is a fairly dynamic protein requiring light-dependent assemblage (Yamano et al., 2010 (Yamano et al., , 2014 and its function as θ-CA may only appear when it is properly assembled and posttranslationally modified under light and low CO 2 . Taking this scenario, there are two distant algae living in disparate environments, P. tricornutum and C. reinhardtii, that commonly possess both thylakoid luminal CA and clumped pyrenoidal CA. This strongly suggests that θ-CA is commonly involved in biophysical CCM functions associated with the pyrenoid and the configuration of CAs, one inside and the other outside of the pyrenoid-penetrating thylakoid, is at least one of the pivotal microalgal pyrenoid-based CCM designs (Fig. 2) .
The localizations of these (putative) CAs in particular parts of the pyrenoid without dispersing suggest that pyrenoidal CA does not necessarily associate with RubisCO. This further suggests that the function of the pyrenoidal CAs is not simply supplying CO 2 to RubisCO, but alternatively may have some other critical CCM function in concert with the thylakoid membrane and luminal CA (Fig. 2) . In the centric model diatom T. pseudonana, there is a strong thylakoid luminal θ-CA candidate (Kikutani et al., 2016) ; however, the known pyrenoid-type CA has not been detected. The biochemical structure of the pyrenoid including any type of CAs needs to be carefully examined to definitively determine the function of the pyrenoid.
Regulation of CO 2 efflux
Uncontrolled leakage of CO 2 from the chloroplast and/or cytoplasm can immediately dissipate a biophysical CCM (Price and Badger, 1989) . On the other hand, controlled dissipation of the CCM by allowing a rapid efflux of unfixed CO 2 is thought to function as a part of the protection systems for algal cells from excess light energy (Tchernov et al., 1997 (Tchernov et al., , 2003 Huertas et al., 2000; Nakajima et al., 2013) , since CCM-operating cells can easily CO 2 -saturate the Calvin cycle and any leakage of CO 2 actively accumulated beyond the capacity of the Calvin cycle could contribute as an energy sink. Given these considerations, it is probable that the inward and outward flux of DIC is tightly regulated in the biophysical CCM, and switching of flux direction could potentially be a very quick response to imminent environmental changes (Tchernov et al., 1997 (Tchernov et al., , 2003 . As described in the previous section, DIC flux across the plasma membrane is controlled by specific HCO 3 − transporters and probably by CO 2 channels in concert with the concentration gradient across plasma membrane, which would be tightly regulated by DIC traffic across the four-layered chloroplast membranes. Four-layered chloroplast membranes represent a series of barriers that prevent DIC traffic between the cytosol and stroma. As CA interconverts CO 2 and HCO 3 − , two DIC species with contrasting membrane permeance, CA must have significant roles in controlling the direction and magnitude of DIC fluxes. However the biochemical components relating to DIC flux within these four membranes are unknown except for the fact that multiple CAs are localized within the chloroplastic membranes system Samukawa et al., 2014) . In P. tricornutum, besides the above described β-PtCAs and Ptθ-CA1, there are five α-CAs and two γ-CAs, and all α-CAs are located at the four-layered chloroplastic membrane system (two γ-CAs at the mitochondrion) ( Fig. 1 ; Tachibana et al., 2011; Samukawa et al., 2014) . Such dense localization of multiple CAs in P. tricornutum implies the occurrence of high activity of interconversion of CO 2 and HCO 3 − within the chloroplast membrane system, strongly suggesting the fourlayered chloroplast membrane is a critical control site of DIC flux across the cytosol and stroma. If a compartment is maintained at alkaline pH within the four-layered membranes, coupled with active HCO 3 − transport on the next inner membrane, CAs in such a space would function as an efficient trapper of CO 2 diffusing out of the chloroplast. Escaping CO 2 would be hydrated into HCO 3 − and transported back into the chloroplast (Fig. 1) . Such a barrier system could quickly be deactivated and even reversed by dissipating a proton and/or ion gradient. However, neither pH, nor salt concentration gradient, nor membrane potential of this chloroplast envelope system in diatoms is known.
In contrast to the high accumulation of CAs within the four-layered chloroplast membranes in P. tricornutum, there is only one δ-CA localized in the chloroplast membrane system in T. pseudonana ( Fig. 1 ; Samukawa et al., 2014) , probably suggesting a significant diversity in the DIC flux control mechanism across chloroplast membranes amongst diatoms. Unlike P. tricornutum, which does not have cytosolic CA, T. pseudonana possesses a putative γ-type CA in the cytosol ( Fig. 1 ; Samukawa et al., 2014) , suggesting that some diatoms also use the cytosol and its slightly alkaline pH as a trapping system to prevent CO 2 leakage. However, a γ-type CA sequence is only established as bona fide CA in a few prokaryotes (Alber and Ferry, 1994; Peña et al., 2010) , while in contrast, the function of eukaryotic γ-CA-like sequences is unsettled, and thus the occurrence of cytosolic CA in T. pseudonana is still unclear. Together with the details of chloroplastic HCO 3 − transporters, mechanisms to control DIC fluxes within the chloroplast envelope system in diatoms are a critical issue to understand the chloroplast-based biophysical CCM.
Another intriguing recapturing point of leaking CO 2 is the pyrenoidal β-CAs in P. tricornutum (Fig. 2C) . As mentioned in the previous section, PtCA1 and PtCA2 show an interesting localization, namely sequestration in a limited part of the pyrenoid . This non-uniform localization to part of the pyrenoid area is also observed in a potential θ-CA ortholog, the LCIB/C complex in the green alga C. reinhardtii (Yamano et al., 2010) . If these CAs are truly insulated from RubisCO and do not have a role in supplying CO 2 to the pyrenoid, the alternative function could be recapturing leaking CO 2 , utilizing the alkalinity of the stroma under active photosynthesis (Fig. 2) . In C. reinhardtii, this hypothesis has previously been proposed but for the function of the stromal free β-CA, CAH6 (Mitra et al., 2004; Spalding, 2008; Yamano et al., 2010) . Supposing the strong possibility that the LCIB/C complex is a CA enzyme, the LCIB/C complex could play a role independent of CAH6 as pointed out by Kikutani et al. (2016) . If this is the case, PtCA1, PtCA2, and the LCIB/C complex may function as a CO 2 recapturing and HCO 3 − supplying system, cooperating with an unknown HCO 3 − transporter on the thylakoid membrane and CAs in the lumen (Fig. 2C) . In T. pseudonana, only a stromal α-CA has been localized (Samukawa et al., 2014) , which could be a recapturing system of CO 2 in a relatively indirect manner, although there is the possible occurrence of an unknown pyrenoidal CA as well (Fig. 1) .
The molecular mechanisms of the above-described CO 2 recapturing system are not yet clear in any eukaryotic algae. However, such a system would need to be deactivated to release CO 2 quickly out of the cells under certain conditions where accumulated CO 2 is not metabolized. Regulation at the gene expression level is on the order of hours; thus, a quick response would require post-translational regulation of enzyme and protein activities. In fact, it is known that in C. reinhardtii localization and activity of CAH3 is regulated by phosphorylation (Blanco-Rivero et al., 2012) , and LCIB/C complex assembly within the pyrenoid is low CO 2 and light energy dependent (Yamano et al., 2010) . While post-translational regulation of the thylakoid luminal Ptθ-CA1 has yet to be demonstrated, there is solid evidence that both PtCA1 and PtCA2 are the regulation targets of chloroplastic thioredoxins, which probably control these CAs in response to the energy balance between PSI and PSII ( Fig. 1 ; Kikutani et al., 2012) .
The comparative models of biophysical CCMs based upon knowledge available at the moment are summarized in Fig. 1 and hypothetical mechanisms of DIC flow controls within the pyrenoid are depicted in Fig. 2 .
CO 2 response of CCM components
The molecular mechanisms mediating responses to CO 2 levels in diatoms are most well studied with regard to the transcriptional control system of two pyrenoidal β-CAs in P. tricornutum (Harada et al., , 2006 Tachibana et al., 2011; Nakajima et al., 2013; Samukawa et al., 2014; Tanaka et al., 2016; Kikutani et al., 2016) . Additionally, numerous physiological studies on the CO 2 response of the CCM and some putative CCM factors in diatoms have been reported (Dixon and Merret, 1988; Nimer et al., 1997; Lane and Morel, 2000; Matsuda et al., 2001; Burkhardt et al., 2001; Rost et al., 2003) . It has been clearly demonstrated that transcripts of both Ptca1 and Ptca2 are CO 2 and light responsive; that is, the expression of these genes is stimulated by low (at least atmospheric level) CO 2 and largely repressed in enriched (0.1-5%) CO 2 , and this expression control requires light Harada et al., , 2006 . Transcriptional regulation of these CA genes by CO 2 and light conditions is governed by cAMP signal transduction downstream of the CO 2 sensing mechanism (Harada et al., 2006; Ohno et al., 2012; Tanaka et al., 2016) . There is a soluble adenylyl cyclase and two transmembrane adenylyl cyclases in the P. tricornutum genome and all these adenylyl cyclases possess potentially CO 2 /HCO 3 − -responsive amino acid residues , although CO 2 sensing activity has yet to be determined.
A detailed β-glucuronidase reporter assay for the promoters of Ptca1 and Ptca2 revealed critical cis-elements for this CO 2 /cAMP response, termed CO 2 /cAMP responsive elements (CCREs: ACGTCA/G) (Ohno et al., 2012; Tanaka et al., 2016) . The number and arrangement of CCRE sequences seemed diverse even between these paralogous β-CA genes (Ohno et al., 2012; Tanaka et al., 2016) . Gel shift assays in P. tricornutum showed that these CCREs are targeted by a group 4 basic-zipper (bZIP) transcription factor, PtbZIP11 (Rayko et al., 2010; Ohno et al., 2012) . It is probable that PtbZIP11 is activated by cAMP signaling in response to the elevation of CO 2 and binds to Ptca promoters to repress their transcription (Ohno et al., 2012; Tanaka et al., 2016) . Through extensive transcriptomics in T. pseudonana, it was demonstrated that the transcriptional response of CCM and photorespiratory gene clusters are responsive to CO 2 using CCRE sequences for their regulation (Hennon et al., 2015) , indicating a common mechanism for CO 2 signaling in diatom CO 2 acclimation.
Light signals are likely integrated into the CO 2 /cAMP signaling cascade at some point and transcriptional regulation by light is governed by the identical CCREs to that of CO 2 signal (Tanaka et al., 2016) . The crosstalk point between CO 2 and light signals is unknown, although very interestingly, a low dose of 2,6-dichlorophenolindophenol (DCPIP), an oxidizer of the acceptor side of PSI, efficiently suppressed the transcription of Ptca1 and Ptca2 under low-CO 2 and illuminated conditions, mimicking high CO 2 conditions (Tanaka et al., 2016) . This strongly suggests the redox state of ferredoxin, or adjacent factors, may generate a retrograde signal. In the green alga C. reinhardtii, CO 2 -light signal crosstalk is mediated by Ca 2+ and thylakoid-membrane-localized Ca 2+ -binding proteins (CAS) that control the transcription of nuclear-encoded CCM factors such as low-CO 2 -inducible protein A (LCIA) and high-light-activated 3 (HLA3), which function as a HCO 3 − transporter at the plasma membrane and the chloroplast envelope, respectively (Wang et al., 2016) . CAS is dispersed through the thylakoid membranes under high CO 2 or dark conditions, but when cells are exposed to light and low-CO 2 condition CAS moves to the pyrenoid area concomitantly with the elevation of [Ca 2+ ] in the pyrenoid, suggesting that CO 2 /light-dependent binding of Ca 2+ by CAS is essential for induction of CCM in C. reinhardtii (Wang et al., 2016) . Still, there is no evidence for the involvement of Ca 2+ in the CO 2 -light signal crosstalk in diatoms. In contrast to the case of C. reinhardtii, 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) did not affect the transcription of Ptca1 and Ptca2 (Tanaka et al., 2016) . Involvement of the reduction side of PSI in a CO 2 /light retrograde signal, which ultimately manipulates nuclear gene expression, is a new mechanism potentially playing a role in CO 2 -light signal crosstalk.
According to the transcriptional analysis of some CCM components in response to CO 2 (and partially to light), acclimation responses of the CCM to CO 2 concentration seemed to take place most drastically at the DIC acquisition system from the bulk medium. External CA and SLC4 plasma membrane HCO 3 − transporters play a dominant role, while the CO 2 response in inner compartments, chloroplast and pyrenoid, seems to be small Nakajima et al., 2013; Samukawa et al., 2014; Kikutani et al., 2016) . As described above, PtCA1 and PtCA2 regulation is one of the few examples of transcriptionally CO 2 responsive pyrenoidal factors Harada et al., 2006) . Transcription of other CCM components such as SLC4s and CAs predicted to be localized in the chloroplast membrane system and thylakoid luminal Ptθ-CA1 were not affected by the CO 2 condition Nakajima et al., 2013; Samukawa et al., 2014; Kikutani et al., 2016) . It is probable that most CCM components within the chloroplast are constitutively active to drive DIC movement from the cytosol to the pyrenoid. However, the system involved in recapturing CO 2 leaking out of the pyrenoid is transcriptionally upregulated under CO 2 limitation. Alternatively, there might be quick dynamic regulatory systems, which post-translationally regulate chloroplastic CCM components.
Conclusion
The molecular components of diatom and other algal biophysical CCMs are, in general, extremely diverse in their origins and functions. Thus, there are few common aspects that have previously been described. However, the recent discovery of thylakoid luminal θ-CA stands as an example of a strong convergent aspect of algal CCMs. Specifically, it suggests the pyrenoid functionally evolved with the adjacent thylakoid membrane and plays a role in generating ample CO 2 flux to RubisCO in concert with pH gradient formation, aided by luminal CAs. Another potentially convergent aspect is the recapturing system for CO 2 leaking out of the pyrenoid by pyrenoidal CAs outside of the thylakoid membrane. Even though the origin of these CAs is different between diatoms and green algae, both examples include a similar configuration of pyrenoidal and thylakoid luminal CAs, one example of strong convergent evolution that occurred amongst distant algal taxa.
The chloroplastic HCO 3 − transport system and the subsequent CO 2 production system in the pyrenoid are suggested to take a major role in driving the diatom CCM (Hopkinson et al., 2011) . However, the fact that overexpression or inhibition of plasma membrane SLC4 transporters respectively stimulated or strongly diminished high-DIC-affinity photosynthesis in P. tricornutum (Nakajima et al., 2013) unequivocally indicates that the initial entry system of DIC across plasma membrane functions as a dynamic regulator of the whole cell biophysical CCM even in the presence of a fully activated chloroplast/pyrenoid-based CO 2 accumulation system. Plasma membrane and chloroplast/pyrenoid-based mechanisms coordinately play pivotal roles in the full operation of the CCM and any inactivation of either system will cause severe suppression of the whole cell CCM. Plasma membrane HCO 3 − transport and external CAs are thus the critical regulation point of the biophysical CCM and their CO 2 responses at transcriptional levels are a primary acclimation mechanism of the diatom CCM.
